Ferroelectrics possess a unit-cell originating spontaneous electrical polarization with a spatial orientation that can be altered from one stable state to another under an applied electric field.
compared to GaN or InN, AlN is generally preferred for piezoelectric applications. [7, 8] Akiyama et al. demonstrated that the piezoelectric response of solid solutions constituted from AlN and ScN increases monotonously with Sc content, as long as the wurtzite structure is maintained. [9, 10] This can be related to the existence of a metastable layered-hexagonal phase in ScN, [11, 12] which in turn flattens the ionic potential energy landscape of e.g.
wurtzite-type Al1-xScxN. Consequently, the wurtzite basal plane as well as the internal parameter u (the length of the metal-nitrogen bond parallel to the c-axis relative to the lattice parameter c) increases, i.e. the layered hexagonal phase is approached, particularly at the Sc sites. [11, 13] While the layered hexagonal structure itself is non-polar, it can be seen as a transition state (u = ½) between the two polarization orientations of the wurtzite-structure (Figure 1 (a) ). The sign of the polarization switches once u passes ½. Due to the flattening of the ionic potential towards the hexagonal phase, the energy barrier which is associated with u = ½ is set to decrease as the Sc content is increased. Strain engineering of the wurtzite basal plane should enable a further decrease of this barrier, as was predicted by Zhang et al. for Ga0.625Sc0.375N. [13] In the same case, the electric field necessary to achieve ferroelectric polarization switching was also calculated to be potentially below the dielectric breakdown limit of pure GaN. [13] Aside from the incorporation of ScN into AlN, GaN or InN, other metal nitrides such as YN or MgN-NbN were predicted and/or found to lead to a similar softening, increased a-lattice parameter or improved piezoelectric response. [12] [13] [14] [15] [16] The key to ferroelectric switching however remains that the energy barrier between the two polarization states of the wurtzite structure can be lowered sufficiently -either by increasing the ratio of the non-III metal or via strain engineering, while to some extent preserving the dielectric breakdown resistance of the pure III-nitride. In spite of this theoretical motivation, no experimental evidence of ferroelectric III-nitride semiconductors has been reported to date.
Experimental Details
Polycrystalline Al1-xScxN films were prepared by reactive sputter deposition on oxidized 200 mm (100) Si wafers covered with an AlN/Pt bottom electrode. The relevant process parameters for the Al1-xScxN films deposited from dual targets (all except Al0.64Sc0.36N) were previously published. [17] Al0.64Sc0.36N was deposited from a single alloy AlSc target with a nominal Sc content of 43 at.% and a purity of 99.9 at.%. Here, the DC power was set to 600 W, the gas flows into the chamber to 7.5 sccm of Ar and 15 sccm of N2, while the substrate was kept at 400°C during deposition. The film thickness was set to either 400 nm (all films with x = 0.27), 600 nm (x = 0.32; 0.36; 0.40) or 1 µm (x = 0.43). The PZT film with a thickness of 600 nm was derived via sol-gel deposition with previously published process details. [18] (Piezo-) Electrical characterization took place on parallel plate capacitors with Pt top electrodes structured by lift-off. A commercially available aixACCT double beam laser interferometer (P-E loops, inverse piezoelectric effect, square 0.25 mm² top electrodes for P-E Loops, square 1 mm² top electrode for strain measurements) and 4-point bending probe (direct piezoelectric effect, 16 mm² top electrodes) was used for the (piezo-) electric characterization. [19, 20] P-E loops were measured with a triangular voltage input at 711 Hz and 411 Hz (for correction only, see supporting information). The inverse piezoelectric effect was measured with a triangular voltage input at 211 Hz. Due to systematic errors arising from non-neglectable substrate deformation during measurements of the inverse piezoelectric effect, [21] a correction factor of 0.85 was multiplied with the measured strain response (see supporting information). Polarization inversion was initiated through a unipolar 0.1 Hz sine wave with a peak value of -200 V over 60s. The residual stress was calculated via Stoney's equation based on capacitive measurements (E+H MX 203) and profilometer line scans (Ambios XP2) to extract the substrate curvature on wafer level. [22] Temperature treatments were performed in consecutive steps of 5 minutes each in ambient atmosphere. Etching experiments to resolve the polarity distribution in the Al1-xScxN films were carried out in 85% phosphoric acid (H3PO4) and 25% potassium hydroxide (KOH) aqueous solutions at 80°C. To remove the top electrodes after ex-situ polarization inversion, ion beam etching (IBE, Oxford Instruments Ionfab 300) was employed. For the characterization of the micro-and nanostructure transmission electron microscopy was performed on three different microscopes during this investigation: Dark-field imaging was performed on a JEOL JEM-2100 (200 kV, LaB6 cathode) while high-resolution TEM imaging was performed on a Tecnai F30 STwin microscope (300 kV, field emission cathode, CS=1.2 mm) and a Philips CM 30 ST (300 kV, LaB6 cathode, CS=1.15 mm). The cross-section sample was prepared by focused ion beam (FIB) milling using a standard lift-out method with a FEI Helios Nanolab system. The Sc content was measured by scanning electron microscopy energy dispersive x-ray spectroscopy (SEM-EDX) (Oxford x-act, 10 kV).
Ferroelectric Properties: Polarization Hysteresis, Direct and Indirect Piezoelectric Effect
Depending on the Sc content and the uniaxial mechanical stress of the Al1-xScxN films, it was possible to demonstrate not only that ferroelectric switching can indeed be achieved in wurtzite-type III-nitride based solid solutions -but also that the material has exceptional properties of relevance to the core-applications of ferroelectric thin films. The studied Al1-xScxN layers generally exhibited good c-axis orientation normal to the substrate, [17] although grains with secondary orientations/phases were observed for Sc contents with x  0.4 (see supporting information). For comparison, the P-E loop of a PbZr0.52Ti0.48O3 (PZT 52/48) film measured with the same parameters is displayed as well. To (at least partially) compensate the P-E loops with respect to the non-negligible leakage currents at higher electric fields, a modified dynamic leakage current compensation was employed (see supporting information). [23] In general, we observed very large coercive fields (beyond 4 MV/cm at x = 0.27), almost undiminished polarization between the coercive fields and high remnant polarizations (110 µC/cm² at x = 0.27). The latter is significantly above theoretical predictions of the spontaneous polarization in both pure AlN ( 10 µC/cm²) and Al1-xScxN ( 30 µC/cm² at x = 0.5) which were made using the zincblende structure as the reference [7, 24, 25] . The polarization, and its trend with respect to x (which in turn increases u and leads to approaching the non-polar layered hexagonal structure) are however in line with a more recent prediction made in reference to the layered hexagonal structure by Dreyer et al. [8] . As such, it is a welcome side-effect of ferroelectricity in Al1-xAxxN that the previously experimentally virtually inaccessible spontaneous polarization of AlN can therefore projected to be indeed above 100 µC/cm², rather than below 10 µC/cm² -thereby providing an answer with regard to the uncertainty associated with the polarization constant of the III-nitrides and confirming the approach by
The almost ideal box-like shape of the polarization hysteresis and the large coercive fields can be related to a still sizeable energy barrier associated with the hexagonal phase, good compositional homogeneity and the wurtzite structure itself, which allows only 180° domain rotations. In terms of shape and polarization magnitude, the P-E loops of Al1-xScxN remind of certain measurements on epitaxial ferroelectric thin films [26] [27] [28] , albeit without the need for a specific template to facilitate epitaxy, and therefore with increased compatibility and ease of fabrication.
The gradual lowering of the switching barrier (u = ½) with increasing Sc content results in a linear decline of the coercive field ( Fig. 1 (b) ), from above 4 MV/cm (Al0.73Sc0.27N) to less than 2 MV/cm (Al0.57Sc0.43N). Just as the Sc content distorts the wurtzite-type crystal structure by expanding its basal plane and increasing u, lateral mechanical straining of the films can be used to same end. Similar to what has been reported for pure AlN, permanent lateral mechanical stress of a well-defined magnitude was induced to the Al1-xScxN films by varying the Ar partial pressure of the sputter gas. [29, 30] 
Evidence for Genuine Ferroelectricity Associated with the Wurtzite Crystal Structure
It is long known that not only true ferroelectricity results in P-E hysteresis loops, but also electrets, finite conductance or p-n and Schottky junctions can lead to P-E measurements which resemble ferroelectricity [3, [34] [35] [36] [37] . In contrast to these spurious effects, which are connected with charge migration on length scales up to the film thickness, ferroelectricity is based on a stable and repeatable polarization reorientation on unit-cell level. The ultimate evidence for ferroelectric switching would therefore be the in-situ observation of the underlying atomic displacement under and after the application of an external electric field.
While such experiments were performed in the past [38] , the high coercive fields of AlScN would add additional challenge to an already demanding investigation. Alternatively, ex-situ polarization inversion could be used with methods were contrast specific for the unit-cell orientation can be obtained between pristine regions and switched regions. For the case of the wurtzite semiconductors GaN, AlN, InN and ZnO, a standard method which provides such unit-cell orientation specific contrast is wet-etching in both acids (H3PO4) and Step from a switched region to an as-deposited region after etching in KOH for 15 s.
bases like aqueous KOH and TMAH [39] [40] [41] [42] [43] [44] [45] . While N-polar surfaces etch readily and with distinct residues, metal polar surfaces do barely etch at all and initially remain smooth, with the exception of local defects and inversion domains.
To investigate whether this anisotropy can be observed in Al1-xScxN, samples from the same wafer as used for the piezoelectric characterization above had some of their capacitors switched, while others were kept as deposited. Subsequently, their top electrode was removed via IBE with an intentional 50 nm overetch into to Al0.64Sc0.36N film (Figure 3 (a) ). This overetch was chosen in order to, one the one hand, rule out masking due to residues of the top electrode and on the other hand to remove the interface region of the Al0.64S0.36N film, as charge injection and ionic migration typically manifests around the electrodes [35, 36] .
Afterwards, the samples were etched in H3PO4 and KOH until not more than residues remained on the bottom electrode outside the capacitor areas. After wet etching, polarization inverted structures were conserved with close to their full height (ca. 500 nm), having a smooth surface intermitted by deep holes due to either defects or inversion domains (Figure 3 (b)) (the presence of the latter can be assumed due to the slightly lower piezoelectric coefficient of the samples, figure 2 (a) ), which merged after longer etching times in H3PO4 or when in etching in KOH, due to generally more rapid etching in the latter case. On the contrary, the rest of the film etched readily and with the characteristic, cone like residues (Figure 3 (c) ). Due to the comprehensive investigation of the same effect in pure wurtzite semiconductors, this result provides conclusive evidence that polarization switching on unitcell level does indeed take place in Al1-xScxN and that, therefore, the material is a genuine ferroelectric.
Additional evidence for ferroelectricity in Al1-xScxN can be obtained from retention and frequency dependent measurements of the electrical polarization. Unlike the measured coercive field, the measured switching polarization of a true ferroelectric material should be largely independent of the measurement frequency. Due to Δ P  ∫ I(t) dt, where I(t) is the measured current during sweeping of the electric field, the extrema of the former have to be approximately proportional to frequency (or more precisely, the area under its peaks have to be). This is typically not the case for currents due to charge injection/leakage, which either stay constant or decrease for increasing frequencies [23, 35] . For Al1-xScxN however, the area associated with the switching current peaks does scale proportionally with frequency over more than two orders of magnitude and the measured switching polarization consequently is constant (see supporting information) -as one would expect of a proper ferroelectric.
Further, the stability of the polarization in electrets and due to injected charges over time has the tendency to be lower than those of ferroelectrics (although there are exceptions) [34] . The retention behavior of Al0.64Sc0.36N was therefore determined by using the voltage pulse sequence given in figure 4 (a) . In between the read pulses for the switching (Psw) and non-switching polarization (Pnsw), the capacitor was shortened. Over 10 5 s, no polarization loss that could be attributed to polarization back switching was observed ( figure 4 (b) ). The fact that
Pnsw is still not exactly zero appears to be rather due to purely dielectric effects (leakage and polarization magnitude, figure 4(c) ). The typical linear loss of polarization after ferroelectric switching which was observed over a logarithmic time scale in other materials [34, 46] could not be observed in Al1-xScxN, although orders of magnitude longer measurements would be necessary to give a more definite understanding of the polarization retention in Al1-xScxN. It is however straight forward to motivate an exceptionally long retention time in Al1-xScxN, based not only on the current retention measurements, but also on the fact that in its parent material, AlN, polarization is considered to be permanently aligned. (c) Initial and final current measurements, from which Psw and Pnsw were extracted -a slight increase due to leakage current can be observed in the non-switching current for high electric fields, contributing to the non-zero non-switching polarization which is therefore not due to true polarization switching.
Asides from providing evidence that actual ferroelectric switching on unit-cell level does take place, transmission electron microscopy (TEM) was employed to confirm that the wurtzite structure is indeed conserved during the application of a switching field and no previously unconsidered phase is induced. In this context, an Al0.57Sc0.43N TEM sample was prepared such that it contains two regions: one being sandwiched by Pt electrodes and subjected to ferroelectric polarization inversion and an unaltered region to allow for a structural
comparison. An illustration of stitched TEM dark field images mapping out the intensity of the wurtzite-type Al0.57Sc0.43N (0002) reflection is given in Figure 3 (a) with the precession electron diffraction pattern (PED) of the wurtzite structure in Figure 3 (b). No significant difference in contrast between crystal columns below the Pt top electrode used for polarization inversion and crystal columns not subjected to the switching electric field was observed. From ED experiments, the majority of the film was identified as (0002) textured Al1-xScxN, both in the pristine and the polarization-inverted region. Therefore, ferroelectricity in Al1-xScxN can indeed be related to the wurtzite-type structure. However, owned to the high Sc content of the particular sample, a number of misoriented wurtzite grains were identified, some of which are marked by asterisks in Figure 3 (a). Moreover, small structural variations in the form of potential cubic grains and an unidentified phase were occasionally observed.
Although being of high interest, the transition towards a layered hexagonal structure itself cannot be retrieved from precession electron diffraction data alone -kinematic simulations suggest that the contrast between the polar and non-polar phase can hardly be differentiated at a Sc content of x = 0.43. These aspects are discussed in more details within the supporting information. 
Supporting Information

Dynamic Leakage Current Compensation
While the Al1-xScxN films investigated in this work had typically low leakage currents (< 1 nA on 16 mm² at 1V), the current increased disproportional at higher electric fields which is attributed to the finite conductance of the films ( Figure S1 ). As the coercive fields are typically within this range of disproportional increase, the corresponding P-E loops will be systematically altered by a non-dielectric current contribution, which leads to a hysteresis of non-ferroelectric origin. [37] In order to correct such distortions, a dynamic leakage current compensation (DLCC) can be used. [23] The approach is based on the assumption that the ohmic current iR through a ferroelectric film is independent of frequency, while the ferroelectric switching current iF and the current charging the capacitor iC are proportional to frequency. The total current is therefore given by:
with . A compensated current icomp free of ohmic contributions can therefore be calculated from current measurements at two different frequencies, ω1 and ω2:
. (2) As in a typical current-based polarization measurement, the polarization is then given through the time-integral of icomp. The assumption that the ferroelectric current is proportional to frequency however implies that the coercive field has to be independent of the latter. For Al1-xScxN, we observed a non-neglectable frequency dependency of the coercive field, which makes the application of standard DLCC unfeasible. The unusual stability of the polarization however allowed to extract the leakage current itself by assuming iF = 0 during repeated unipolar voltage sweeps (which can be varied in frequency), thereby excluding any effects from the frequency dependent coercive fields. Therefore, non-switching, unipolar current measurements i1 and i2 were performed at two different frequencies (411 Hz and 711 Hz) and the corresponding leakage current calculated according to:
.
Subtracting eq. (3) 
Inverse Piezoelectric Effect: Correction of the Longitudinal Strain
With S3 and E3 being strain and electric field normal to the capacitor surface, the longitudinal thin film piezoelectric coefficient d33,f is defined as (4) under the assumption of a perfectly rigid substrate. This assumption however is violated in reality, giving rise to a systematic over-or underestimation of d33,f. Nonetheless, a quantitatively correct d33,f can be obtained by applying corrections determined through finite element analysis or trough measuring at a certain pad-size/substrate-thickness ratio only. [21] Sivaramkrishnan et al. motivated the following expression towards obtaining a quantitatively correct d33,f (resulting from a quantitatively correct strain measurement): [21] (5)
Here, r1,2 are two ratios of electrode-size over substrate thickness and f(r) is a function of this ratio obtained by finite element modeling. In order to arrive at a correction factor for d33,f In order to allow comparable measurements up to 5 kHz, Emax/Ec = 1.3 was chosen to avoid excessive contributions from leakage currents, where Emax is the peak of the applied electrical field. The peak of the switching current itself does not scale strictly proportional to frequency (at least above 1070 Hz), but neither does the width of the peaks ( figure S4 (b) ) (which is plausible since ferroelectric switching is a stochastic process). Thus, the switching polarization associated with the measured currents remains constant over the whole frequency range. [50] , rather than to the description of rocksalt structure alloy films discussed by Höglund et al. [49] and Saha et al. [51] ; c) a grain boundary between a oriented crystal (i) and one crystal with a non-identified structure (ii), but with lattice plane distances partially coinciding with the neighbouring grain. Both crystals share the position of the w-(0002) reflection, which would systematically hide these grains in the respective dark-field images.
Further studies will concentrate on the structure at the onset of wurtzite-rocksalt phase transition region, and the direct observation of the polarization inversion itself by convergent beam electron diffraction (CBED). In addition to dark-field imaging in specific diffraction conditions [52] , the CBED method was proven to be able to identify the polarization direction in wurtzite GaN [53] and AlN crystals [40, 54] . A HRTEM image of the Al0.57Sc0.43N/electrode interface with corresponding FFT patterns is given in Figure S7 . In spite of the less than perfect crystal structure and morphology of the sample and its general polycrystalline character, c-axis alignement in the oriented parts of the sample can be observed down the first few nanometers of film growth. However, the incorporation of Sc atoms on Al lattice positions increases electron scattering, giving rise to higher intensity (with Sc concentration) and a less pronounced intensity variation with increasing u on these lattice positions. On the onset of the proposed transition from the polar to non-polar phase (at x = 0.43) we demonstrate, that the intensity variations are hardly differentiable in the simulations even for low indexed reflections, e.g. .
Therefore we reason that a reliable identification of polar and non-polar configurations of the wurtzite-type structure is not feasible using conventional and precession electron diffraction techniques.
